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Abstract:  The electrocatalytic activity of commercial Pt/C for ethanol 
oxidation is relatively low, and the C―C bond is difficult to break. Thus, 
the complete oxidation process is not easy, and the fuel utilization 
efficiency becomes considerably reduced. Increasing the temperature 
can increase the reaction rate and enhance the mass transport; 
therefore, a temperature-controlled electrode was used during our in situ 
FTIRS (Fourier Transform Infrared Spectroscopy) investigation. The 
temperature sensor was placed at a certain distance from the surface of 
the electrode; thus, the surface temperature needed to be corrected. The 
temperature was calibrated using the “potentiometric” measurement 
method, which was because the potential-temperature coefficient of the 
redox couple is constant under certain conditions, and the electrode surface temperature was obtained by potential 
conversion at different temperatures during the experiment. The experimental results showed that the relationship between 
the heating temperature, Th, and the surface temperature, TS, was TS = 0.57Th + 7.71 (30 ℃ < Th ≤ 50 ℃) and TS = 
0.62Th + 5.12 (50 ℃ < Th ≤ 80 ℃), and according to error analysis, the maximum error was 1 ℃. The temperature-
controlled electrode was applied to investigate the electrooxidation of ethanol using both in situ FTIRS and cyclic 
voltammetry using a commercial Pt/C catalyst at different temperatures. Clearly, based on the CV curve for the oxidation 
of ethanol, with increasing temperature, the overall oxidation current increased, and the onset potential and peak potential 
both negatively shifted, indicating that thermal activation allows the oxidation reaction to proceed easier. Electrooxidation 
of ethanol showed two positive oxidation peaks, and the ratio of the first peak current to the second peak current was used 
to qualitatively evaluate the selectivity of CO2. Compared with at 25 ℃, the first peak current increased by 30% at 65 ℃, 
indicating that the high temperature was conducive to C―C bond cleavage. Comparing the in situ FTIRS recorded at 
50 ℃, 35 ℃, and 25 ℃, we found that the onset potential of CO2 on the commercial Pt/C catalyst was lower by 200 mV, 
indicating that Pt/C can provide oxygen-containing species at lower potentials at high temperature; however, the onset 
potentials of CH3CHO and CH3COOH did not change with temperature. The CO2 selectivity was semi-quantitatively 
calculated by the area of CO2 compared with the area of CH3COOH from the FTIRS data. It was found that CO2 had the 
highest selectivity at high temperature and low potential, indicating that high temperature is conducive to complete ethanol 
oxidation during CO2 formation, possibly because both the ethanol bridge adsorption pattern and adsorbed OH (OHad) 
increased with temperature, enhancing subsequent COad and OHad oxidation reactions. The low selectivity of CO2 at the 
high potential was due to the adsorption of oxygen-containing species that occupied the surface-active site, blocking the 
adsorption of ethanol. 
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摘要：升高温度可以提高反应速率和增加物质的输运，因此通过不同温度下反应机理的研究可以深入理解电催化过程，
对催化剂的设计具有指导意义。本工作初步建立了变温原位红外测定方法。采用温控电极，用电势测温法进行温度的校
准，实验得出控温仪器加热温度Th与电极表面温度TS的关系为TS = 0.57Th + 7.71 (30 ℃ < Th ≤ 50 ℃)；TS = 0.62Th + 
5.12 (50 ℃ < Th ≤ 80 ℃)，误差分析最大温差为1 ℃。利用该方法我们研究了商业Pt/C催化剂在不同温度下乙醇的电
氧化过程。从循环伏安图可以明显看到随着温度的升高整体氧化电流增大，起始电位、峰电位均负移，说明热活化使得
氧化反应更容易进行；第一个峰电流与第二个峰电流的比值用于定性评估CO2的选择性，对比25 ℃，商业Pt/C催化剂在




































2  实验部分 







图 1  温控加热电极的结构图 
Fig. 1  Structure diagram of the temperature  
controlled heating electrode. 
(1) glassy carbon material; (2) PTFE coat; (3) thermal grease;  
(4) wire; (5) temperature sensor; (6–9) wires; (10): heating material. 
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性关系由5，6，7连接反馈温度到温控仪器，再通
过8，9，10改变加热功率进而控制温度。 









据公式ΔR/R = (R(ES) − R(ER))/R(ER)得到7。 
3  结果与讨论 
3.1  温控电极的温度校准 
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由热力学第一定律推导公式： 
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所以其温度系数可以由开路电位–温度图的
斜率求得，系数理论上为常数。测试中，用5 
mmol∙L−1 K3[Fe(CN)6] + 5 mmol∙L
−1 K4[Fe(CN)6] + 


















大。选择最小−1.56 mV·℃−1 (图3a)、中间的−1.62 










= 0.57Th + 7.71 (30 ℃ < Th ≤ 50 ℃)；TS = 0.62Th 
+ 5.12 (50 ℃ < Th ≤ 80 ℃)。在加热温度为80 ℃
时，温差计算误差±1.0 ℃，误差最大为±1.25%。
 
图 2  电极电势温度系数测量装置示意图 
Fig. 2  Schematic diagram of the electrode potential 
temperature coefficient measuring device. 
WE: working electrode; RE: reference electrode; 1: constant  
temperature water bath; 2, 3: electrolyte; T1, T2, T3: thermometer.  
Th: temperature of the heating piece of temperature controlled electrode;  
Ts: surface temperature of the electrode. 
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图 4  不同加热温度 Th 下的开路电位图 
Fig. 4  Open circuit potential diagram at different  
heating temperatures Th. 
 
图 3  (a–c)在 5 mmol∙L−1 K3 [Fe(CN)6] + 5 mmol∙L−1 K4 [Fe(CN)6] + 0.5 mol∙L−1 KCl 溶液中不同温度下 
测量的开路电位；(d)加热温度(Th)与电极表面温度(TS)关系 
Fig. 3  (a–c) Open circuit electrode potentials (OCP) measured at different temperatures in  
5 mmol∙L−1 K3[Fe(CN)6] + 5 mmol∙L−1 K4[Fe(CN)6] + 0.5 mol∙L−1 KCl solution; (d) relationship between  
heating temperature (Th) and electrode surface temperature (TS). 






图 5  不同温度下商业 Pt/C 催化剂在 0.1 mol∙L−1 
CH3CH2OH + 0.1 mol∙L−1 HClO4溶液中的循环伏安曲线图 
Fig. 5  Cyclic voltammogram of commercial Pt/C  
catalyst at different temperatures in 0.1 mol∙L−1 
CH3CH2OH + 0.1 mol∙L−1 HClO4 solution 
scan rate: 50 mV∙s−1. 























表 1  不同温度下商业 Pt/C 催化剂上第一个峰电流与 
第二个峰电流的比值 
Table 1  Ratio of the first peak current to the second  
peak current on a commercial Pt/C catalyst at  
different temperatures. 
T/℃ j1/(A∙mg−1) j2/(A∙mg−1) j1/j2 
25 0.372 0.444 0.838 
35 0.626 0.628 0.997 
45 0.985 0.866 1.137 
55 1.328 1.082 1.227 
65 1.666 1.286 1.295 
 
 
图 6  (a–c)不同温度下商业 Pt/C 催化剂在 0.1 mol∙L−1 CH3CH2OH + 0.1 mol∙L−1 HClO4溶液中的原位红外光谱图， 
参考电位为−0.25 V，间隔 0.05 V；(d)各个产物的起始电位 
Fig. 6  (a–c) In situ FTIRS of ethanol electrooxidation on commercial Pt/C catalyst at different temperatures and  
various potentials in 0.1 mol∙L−1 CH3CH2OH + 0.1 mol∙L−1 HClO4 solution. ER = −0.25 V, EStep = 0.05 V;  
(d) onset potential of each product. 
T/°C 25 35 50
E(onset)/mV
CO2 100 -100 -100
CH3CHO 200 200 200


























表 2  红外光谱中乙醇氧化的各个振动频率 
Table 2  The various vibration frequencies of ethanol 
oxidation in the infrared spectrum. 
Wavenumber/cm−1 Assignment 
2341–2345 O―C―O asymmetric stretching 
2040–2060 linearly adsorbed COL 
1713–1723 C―O stretching of acetaldehyde and acetic 
acid in solution 
1640–1650 H―O―H bending 
1274–1284 coupling C―O stretching and OH 
deformation of acetic acid 
 




















始电位在25 ℃为100 mV，35 ℃和50 ℃为−100 
mV，且CO2的峰强度明显增大，说明温度升高使
得Pt/C能在更低电位下解离水产生OH−等含氧物













25 ℃、35 ℃、50 ℃时0.35–0.6 V的CO2选择性如











































比值均逐渐增大，25 ℃时0.6 V的比值是0.25 V时
 
图 7  商业 Pt/C 催化剂中二氧化碳和乙酸积分 
强度比例与电位的关系 
Fig. 7  The relationship between CO2 and CH3COOH 
integrated intensities ratio and potential on  
commercial Pt/C catalyst. 







果，我们推测乙醇在25 ℃、35 ℃、50 ℃下的氧
 
图 8  (a，b)不同温度下商业 Pt/C 催化剂在 0.1 mol∙L−1 CH3CH2OH + 0.1 mol∙L−1 HClO4溶液中的原位红外光谱图， 
参考电位为−0.25 V，间隔 0.1 V；(c，d)不同电位下 CO2和 CH3COOH 的积分面积  
Fig. 8  In situ FTIRS on commercial Pt/C catalyst at different temperatures in 0.1 mol∙L−1 CH3CH2OH + 0.1 mol∙L−1  
HClO4 solution. ER = −0.25 V, EStep = 0.1 V; (c, d) integral area of CO2 and CH3COOH at different potentials. 
 
图 9  商业 Pt/C 催化剂分别在 25 ℃和 50 ℃条件下(a)电位区间 0.05 V 至 0.6 V 范围内的同位素示踪 
(13CH312CH2OH)原位多步阶跃红外光谱图，参考电位为−0.25 V；(b)不同研究电位下的 13CO2/12CO2比值  
Fig. 9  (a) Isotopic tracer method (13CH312CH2OH) in situ MS-FTIRS on commercial Pt/C at 25 ℃ and 50 ℃ under 
different potentials from 0.05 V to 0.6 V, ER = −0.25 V. (b) The ratio of 13CO2/12CO2 under different potentials. 
 
图 10  不同温度中乙醇在商业 Pt/C 催化剂上的氧化机理 
Fig. 10  Oxidation mechanism of ethanol at different temperatures under acidic conditions on commercial Pt/C catalyst. 
(c) (d)











































CH3CH2OH*     CH3CHOH*       
CH2CHOH*     CH2OH*      CH2CO*     CHx+CO CHx+CO2
CH3CHO       CH3CO*      CH3COOH
200 mV(25,35,50℃) 350 mV(25,35,50℃)
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化机理，如图10所示。在商业Pt/C催化剂上CO2的








4  结论 
用电势测温法校准温控电极，在较低的加热
温度下，温度最大误差为1 ℃。温控仪器设置温度
Th与电极表面温度TS之间的关系式为TS = 0.57Th + 
7.71 (30 ℃  < Th ≤ 50 ℃ )；TS = 0.62Th + 5.12 
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